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Antioxidant capacityThis work aimed to study the incorporation and preservation of gallic acid (GA) in emulsions formulated
using soybean oil as oil phase, polyoxyethylene sorbitan (Tween 20) and polyglycerol polyricinoleate
(PGPR) as surfactants. The systems evaluated were oil-in-water (O/W) and water-in-oil (W/O) emulsions
prepared using the same aqueous to oily phases weight ratio (3:1). The volume fraction of surfactant was
0.01, 0.02 or 0.04 and gallic acid concentration in the ﬁnal emulsions was 0 or 0.5% w/w. Increasing GA
concentration did not show any effect on the initial or equilibrium interfacial tension (22 mN/m) in GA
solution/soybean oil systems but reduced the average diameter of the droplets in both emulsions. The
W/O emulsions showed bimodal droplet size distribution, pseudoplastic behavior and the presence of
GA decreased the phase separation. The O/W emulsions exhibited kinetic stability, monomodal droplet
size distribution and Newtonian ﬂuid behavior. Results showed that the emulsiﬁcation process was an
efﬁcient method to protect the bioactive against oxidation. Fresh O/W emulsions showed higher GA
retention but during the storage time, the W/O emulsions showed a better capacity to retain the gallic
acid. However, both emulsions exhibited high retention of bioactive (>86.61%) after 7 days of storage
showing that this strategy could be used in different emulsiﬁed food products.
 2015 Elsevier Ltd. All rights reserved.1. Introduction
Researches aiming at the application of polyphenols have
attracted great interest of the pharmaceutical, nutraceutical and
functional food industries, considering the potential beneﬁts of
these bioactive compounds to the human health (Fang and
Bhandari, 2010). Polyphenols show antioxidant capacity, which is
associated with anti-inﬂammatory, antibacterial and antiviral
functionality (Quideau and Feldman, 1996). These compounds also
have applications in food products due to its ability to protect
oxygen sensitive compounds (Rakic´ et al., 2006). Gallic acid, a
polyphenol class of phenolic acids, shows effective action in the
treatment of diabetes and albuminuria (Hsieh et al., 2007), can
be used as an antifungal and antiviral (Uozaki et al., 2007) and
offers cytotoxicity against cancer cells (de Mejia et al., 2006).
However, the antioxidant properties of polyphenols are also
responsible for the instability of these compounds in the presence
of light, heat and under certain conditions of pH. Furthermore,
their low bioavailability is mainly attributed to a low solubility
in water (Manach et al., 2004) and many of these molecules havea bitter and astringent taste, limiting its use in food or oral medi-
cations (Munin and Edwards-Lévy, 2011).
Several encapsulation and preservation methods have been
studied in order to overcome these drawbacks and maximize the
beneﬁts of polyphenols (Deladino et al., 2008). Encapsulation pro-
motes the protection of bioactive during the production process,
storage and consumption until its release in a speciﬁc site within
the body, ensuring their bioavailability and efﬁcacy (Acosta,
2009; Chen et al., 2006). Emulsions are dispersions that present
polar and nonpolar regions, low production cost and relative easy
preparation, are protective systems with high potential for encap-
sulation of bioactive compounds. However, the emulsions are
thermodynamically unstable systems that tend to destabilize with
time. Therefore, the use of intense mechanical forces and/or addi-
tion of surfactants/stabilizers are necessary to increase the kinetic
stability of emulsions (McClements et al., 2007).
The development of O/W and W/O emulsions manufactured by
different processes and phase composition are interesting alterna-
tives to encapsulate gallic acid for their use on systems with unlike
properties. Therefore, the aim of this study was to evaluate O/W
and W/O emulsions formulated with different surfactant concen-
trations using the same aqueous to oily phases weight ratio (3:1)
in order to identify the most stable system that provide greater
206 A. Gomes et al. / Journal of Food Engineering 168 (2016) 205–214protection to the gallic acid. In order to understand the inﬂuence of
gallic acid addition in emulsions the following analyses were
performed: interfacial tension analysis, kinetic stability, average
size of droplets, microscopy and rheology. Furthermore, color, total
phenols and antioxidant capacity of emulsions were evaluated to
identify the system that promoted greater protection of gallic acid.2. Material and methods
2.1. Material
The ingredients used to prepare the emulsions were gallic acid
(GA) obtained from Sigma Aldrich Co. (St. Louis, EUA) and surfac-
tant polyoxyethylene sorbitan monolaurate (Tween 20) purchased
from Dinamica Quimica Contemporanea Ltda (Diadema, Brazil).
Polyglycerol polyricinoleate (GRINDSTED PGPR) was kindly
donated by Danisco Brasil Ltda (Brazil) and soybean oil (Bunge
Alimentos S.A., Brazil) was purchased in the local market.
2.2. Preparation and characterization of the gallic acid solution
The aqueous gallic acid solution (0.1–3.5% w/w) was prepared
by dispersing gallic acid in deionized water (Millipore) using a
magnetic stirrer for 3 h at 25 C (Noubigh et al., 2013). The solubil-
ity of gallic acid was evaluated at 25 C and atmospheric pressure
from visual presence or absence of precipitate. The pH of these
solutions was measured at 25 C using a pH meter (827 pH lab,
Metrohm Autolab B.V., Switzerland) in duplicate.
The interfacial tension between soybean oil and aqueous gallic
acid solution (0.1–3.5% w/w) was measured at 25 C using a ten-
siometer Tracker-S (Teclis, Longessaigne, France), by the pendant
(W/O) and rising (O/W) drop methods, aiming to evaluate the
effect of the gallic acid concentration on the interfacial tension.
The initial drop volume was 6 ll for both methods.
The effect of Tween 20 or PGPR concentration on the interfacial
tension was also evaluated with the concentration of gallic acid
ﬁxed at 0.5% (w/w). For this purpose, Tween 20 (0.1, 1, 2 and 4%
w/w) was dissolved into the gallic acid solution by magnetic stir-
ring at room temperature and PGPR (1, 2, 3 and 4% w/w) was dis-
solved in soybean oil at 42 ± 2 C for 5 min under magnetic stirring,
with subsequent cooling at room temperature. The measurements
were performed at 25 C and the initial drop volume was 2 ll.
Measurements were performed in duplicate.
2.3. Emulsion preparation
The oil-in-water (O/W) emulsions were prepared at 25 ± 2 C by
pre-mixing the oily and aqueous phase using an Ultra Turrax
model T18 (IKA, Staufen, Germany) for 4 min at 14,000 rpm,
followed by homogenization at 30 MPa/5 MPa using a Panda 2K
NS1001L double-stage homogenizer (Niro Soavi, Parma, Italy).
The oily phase was composed by soybean oil and Tween 20, while
the aqueous phase was gallic acid solution or water. For the
water-in-oil emulsion (W/O), the emulsiﬁer PGPR, was previously
dissolved into the soybean oil for 5 min using a magnetic stirrer
at 42 ± 2 C. Then, the dispersion was added to a jacketed vessel
attached to a thermostatic bath (Quimis, Brasil) at 25 ± 2 C. After
that the aqueous phase was added dropwise to the dispersion (soy-
bean oil + PGPR) using a peristaltic pump Masterﬂex L/S
(Cole-Parmer Instrument Company, EUA) with a mean ﬂow rate
of 2.5 ml/min during homogenization in a rotor–stator system
(Ultra Turrax T18, IKA, Germany) at 14,000 rpm. When the aque-
ous phase was completely incorporated into the emulsion (after
85 min), the rotational speed was decreased to 11,000 rpm and
the system was homogenized for 4 min. Both oil-in-water (O/W)and water-in-oil (W/O) emulsions were prepared using the same
aqueous to oily phases weight ratio (3:1 or 75:25) and volume
fraction of surfactant was 0.01, 0.02 or 0.04. The gallic acid concen-
tration in the ﬁnal emulsions was 0 or 0.5% w/w. Emulsions were
evaluated by kinetic stability, optical microscopy, particle size dis-
tribution, rheological behavior, color, total phenols, antioxidant
activity and gallic acid retention. Gallic acid solutions freshly
prepared under mild conditions of mixing and subjected to the
same process conditions to produce O/W and W/O emulsions were
used as control samples of oxidation process. The solutions were
evaluated for color.2.4. Kinetic stability
Immediately after preparation, 100 ml of each emulsion was
poured into a cylindrical glass tube (internal diameter = 27 mm,
height = 173 mm), sealed with a plastic cap and stored at 25 C
for 7 days. The O/W emulsion stability was measured by the height
of the bottom phase (Hb) and expressed as creaming index (CI). The
W/O emulsion stability was expressed as sedimentation index (SI)
and it was measured by checking the oil top layer height (Ht)
during storage. The creaming and sedimentation indexes were
determined according to Eqs. (1) and (2), respectively.
CIð%Þ ¼ Hb
H0
 
 100 ð1ÞSIð%Þ ¼ Ht
H0
 
 100 ð2Þ
where H0 represents the initial height of the emulsion. The analyses
were carried out in duplicate.2.5. Optical microscopy
The emulsion microstructure was observed in an optical micro-
scope (Axio Scope.A1, Carl Zeiss, Germany) with 100 oil immer-
sion objective lens. The images were captured with the software
AxioVision Rel. 4.8 (Carl Zeiss, Germany). The optical microscopy
was performed on the freshly prepared emulsions and after 7 days
of storage.2.6. Particle size distribution
The droplet size distribution was determined by the laser
diffraction method using a Mastersizer 2000 (Malvern
Instruments Ltd., Malvern, UK). The emulsions were dispersed in
water (O/W) or soybean oil (W/O). For W/O emulsion, ultrasound
was applied for 5 min in order to avoid the presence of bubbles.
The size of the droplets was expressed as the volume-surface mean
diameter (D32) and the polydispersity index (PDI), according to
Eqs. (3) and (4), respectively. Measurements were performed just
after emulsions preparation and 7 days after storage in duplicate.
D32 ¼
P
nid
3
iP
nid
2
i
ð3ÞPDI ¼ dð90Þ  dð10Þ
dð50Þ
ð4Þ
where ni is the droplets number with diameter di and d10, d50 and
d90 are the diameters at 10%, 50% and 90% of cumulative volume,
respectively.
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Fig. 1. Interfacial tension of soybean oil–water (D) and soybean oil–gallic acid
solution (0.5% w/w) (s) using the pendant drop method.
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Flow curves of O/W emulsions were obtained using a
stress-controlled rheometer (AR1500ex, TA Instruments, England)
with double concentric cylinders geometry consisting of an inner
cylinder (outer radius = 17.53 mm, inner radius = 16.02 mm) and
an outside cup (outer radius = 18.45 mm, inner radius = 15.10).
The gap was ﬁxed in 500 lm. Rheological measurements of W/O
emulsions were carried out using a Physica MCR301 modular com-
pact rheometer (Anton Paar, Austria) with stainless steel plate
geometry (75 mm) and a 300 lm gap. The emulsions were evalu-
ated after their preparation and 7 days after storage. The shear rate
varied between 0 and 300 s1 and the ﬂow curves were obtained in
sequential three ﬂow steps: up-down-up cycles. The third ﬂow
curve data were ﬁtted to the models for Newtonian (Eq. (5)) and
power-law ﬂuids (Eq. (6)). The measurements were made in dupli-
cate at 25 C.
r ¼ g _c ð5Þ
r ¼ kð _cÞn ð6Þ
where r is the shear stress (Pa), g is the viscosity (Pa s), _c is the
shear rate (s1), k is the consistency index (Pa sn) and n is the ﬂow
behavior index (dimensionless).(A)
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Fig. 2. Dynamic interfacial tension of the systems composed by soybean oil–gallic acid s
20 (0.1, 1, 2 and 4% w/w).2.8. Color
The color of emulsions and gallic acid solutions were measured
using a Hunter Lab colorimeter (model Color Quest II) with CIELab
scale (L⁄, a⁄, and b⁄) with reﬂectance and transmittance mode to
emulsions and aqueous solutions, respectively. The color measure-
ments were expressed in terms of lightness L⁄ (L⁄ = 0 for black and
L⁄ = 100 for white) and chromaticity parameters a⁄ (green [] to
red [+]) and b⁄ (blue [] to yellow [+]). Measurements were carried
out in triplicate immediately after preparation and 7 days after
storage. The color total change (DE⁄ab) was calculated from DL
,
Da and Db according to Eq. (7). DL, Da and Db was evaluated
between values of L⁄, a⁄ and b⁄ measured at zero time (control)
and after 7 days of storage.
DEab ¼ ½ðDLÞ2 þ ðDaÞ2 þ ðDbÞ2
1=2 ð7Þ2.9. Total phenolic substances (TPhC)
Total polyphenols content of emulsions was quantiﬁed
using the Folin–Ciocalteau colorimetric method according to
Waterhouse (2001). 40 ll of each sample was mixed with
3160 ll water and 200 ll Folin–Ciocalteau reagent. After 3 min,
600 ll sodium carbonate solution (20%) was added. The absor-
bance was measured at 760 nm in spectrophotometer (model
SQ-2800 UV/VIS, UNICO, United Products & Instruments Inc.,
New Jersey, USA), after 2 h of incubation at room temperature in
the dark. The results were calculated using a gallic acid calibration
curve. The mean of three readings was used and the total phenolic
content was expressed as mg of gallic acid equivalent (mg GAE/ml
of emulsion).
2.10. Antioxidant activity
The sample preparation was performed according to an adapta-
tion of the methodology proposed by Maschke et al. (2007). The
antioxidant capacity of emulsions and solutions was determined
by two methods, DPPH (Brand-Williams et al., 1995) and Ferric
Reducing Antioxidant Power, FRAP (Benzie and Strain, 1996). For
DPPH method, sample was previously diluted in water in the pro-
portion of 1:15 (0.1 ml) and mixed with 3.9 ml ethanol solution
containing 0.06 mM 1,1-diphenyl-2-picrilhidrazyl (DPPH). For the
control, 0.1 mL water was used instead of the sample. The absor-
bance was measured at 515 nm after 50 min of incubation at room
temperature in the dark. The ability of scavenging free radicals was(B)
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olution 0.5% (w/w) with the surfactants: (A) PGPR (1, 2, 3 and 4% w/w) or (B) Tween
Table 1
Sedimentation index (SI) of W/O emulsions after 7 days of storage.
PGPR (% w/w) Aqueous phase
Water Gallic acid solution
1 1.90 ± 0.33aA 1.09 ± 0.18aB
2 1.70 ± 0.16aA 0.16 ± 0.07bB
4 1.65 ± 0.19aA 0.13 ± 0.06bB
Results are presented as the mean ± standard deviation. Different letters indicate
signiﬁcant difference at p < 0.05. Small letters: differences in the same column.
Capital letters: differences between aqueous phase composition (water or gallic
acid solution) in the same PGPR concentration.
208 A. Gomes et al. / Journal of Food Engineering 168 (2016) 205–214expressed as inhibition percentage (IP) of radical oxidation and cal-
culated according to Eq. (8).
IP ¼ Að0Þ  AðtÞ
Að0Þ
 
 100 ð8Þ
where A(0) is the control absorbance (water) and A(t) is the absor-
bance of emulsions.
For FRAP essay, the sample was previously diluted in water in
the proportion of 1:15 (90 ll), then mixed with 270 ll distilled
water and 2.7 ml solution freshly prepared of FRAP reagent (2,4,6
-Tris(2-piridil)-s-triazine, FeCl3, acetate buffer). The absorbance
was measured at 595 nm after 30 min of incubation at 37 C inAqueou
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Fig. 3. Optical micrographs and droplets size distributiothe dark. For the control, 90 ll water was used instead of sample.
Measurements of the antioxidant capacity (DPPH e FRAP) were
performed in triplicate, and anti-radical activity was calculated
using the linear regression equation determined by plotting the
anti-radical activity of Trolox solutions of known concentration.
The antioxidant capacity was expressed as mg of Trolox equiva-
lent/ ml of emulsions.
2.11. Gallic acid retention
The gallic acid retention was deﬁned as the ratio of the amount
of polyphenols effectively retained (Qe) to the initial quantity
added to emulsions (Qi), according to Eq. (9). The amount retained
ðQeÞ was quantiﬁed by analyzing the total phenols content as
described in Section 2.9.
Gallic acid retention ¼ Qe
Qi
 
 100 ð9Þ2.12. Statistical analysis
Analysis of variance (ANOVA) was performed using the Minitab
16 software and the signiﬁcant differences (p < 0.05) between the
treatments were evaluated using Tukey analysis.s phase 
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Table 2
Mean droplet diameter (D32) and polydispersity index (PDI) of O/W fresh emulsions and after 7 days of storage.
Tween 20 (% w/w) After preparation After 7 days of storage
Aqueous phase
Water Gallic acid solution Water Gallic acid solution
D32 (lm) PDI D32 (lm) PDI D32 (lm) PDI D32 (lm) PDI
1 1.42 ± 0.01 aA⁄⁄ 1.43 ± 0.01 1.39 ± 0.04 aB⁄⁄ 1.39 ± 0.04 1.88 ± 0.06 aA⁄ 1.07 ± 0.01 1.78 ± 0.13 aA⁄ 0.96 ± 0.18
2 1.43 ± 0.01 aA⁄⁄ 1.36 ± 0.06 1.32 ± 0.04 bB⁄⁄ 1.45 ± 0.02 1.78 ± 0.01 bA⁄ 1.02 ± 0.10 1.79 ± 0.02 aA⁄ 1.06 ± 0.07
4 1.29 ± 0.01 bA⁄⁄ 1.33 ± 0.01 1.20 ± 0.02 cB⁄⁄ 1.42 ± 0.07 1.48 ± 0.02 cB⁄ 1.26 ± 0.01 1.65 ± 0.07 bA⁄ 1.23 ± 0.11
Different letters indicate signiﬁcant difference at p < 0.05. Small letters: differences in the same column. Capital letters: differences between aqueous phase composition at
the same Tween 20 concentration and storage time. Asterisk: differences between storage time at the same Tween 20 concentration and aqueous phase composition.
Table 3
Mean droplet diameter (D32) and polydispersity index (PDI) of W/O fresh emulsions and after 7 days of storage.
PGPR (% w/w) After preparation After 7 days of storage
Aqueous phase
Water Gallic acid solution Water Gallic acid solution
D32 (lm) PDI D32 (lm) PDI D32 (lm) PDI D32 (lm) PDI
1 5.36 ± 0.18 aA⁄⁄ 1.75 ± 0.02 3.50 ± 0.49 aB⁄⁄ 1.92 ± 0.15 6.99 ± 0.27 aA⁄ 1.64 ± 0.01 5.80 ± 0.10 aB⁄ 1.70 ± 0.02
2 4.03 ± 0.06 bA⁄⁄ 1.97 ± 0.02 2.57 ± 0.08 bB⁄⁄ 1.91 ± 0.11 5.92 ± 0.15 bA⁄ 1.54 ± 0.06 3.22 ± 0.07 bB⁄ 1.70 ± 0.01
4 2.99 ± 0.02 cA⁄⁄ 1.99 ± 0.01 2.02 ± 0.05 cB⁄⁄ 1.39 ± 0.10 4.19 ± 0.02 cA⁄ 1.68 ± 0.01 2.61 ± 0.14 cB⁄ 1.60 ± 0.02
Different letters indicate signiﬁcant difference at p < 0.05. Small letters: differences in the same column. Capital letters: differences between aqueous phase composition in
the same PGPR concentration and storage time. Asterisk: differences between storage time at the same PGPR concentration and aqueous phase composition.
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3.1. Physical properties of the phases
Gallic acid was soluble in water at concentrations ranging from
0.1 up to 1.3% (w/w). The solution pH decreased from 3.3 to 2.8
with increasing concentration of gallic acid between 0.1 and 1.0%
(w/w). Above this concentration, the pH remained constant and
crystal formation was observed during storage.
The interfacial tension of soybean oil–gallic acid solution was
almost identical and decreased with time for both rising and pen-
dant methods. The increase of gallic acid concentration did not
exert any effect on the initial (22 mN/m) and equilibrium interfa-
cial tension (13–14 mN/m). These results were quite similar to soy-
bean oil–pure water system, suggesting that the gallic acid did not
show any surface activity (Fig. 1). Based on the results gallic acid
solubility and interfacial tension, the concentration of gallic acid
used in the preparation of emulsion was kept at 0.5% (w/w) in
order to be far from its saturation point (1.3% w/w).
The initial interfacial tension of the systems composed by soy-
bean oil–gallic acid solution 0.5% (w/w) decreased to values lower
than 10 mN/m after addition of PGPR or Tween 20 (Fig. 2). The
interfacial tension of the systems decreased with increasing PGPR
concentration but the systems did not reach equilibrium interfacial
tension even after 2000 s. On the other hand, the interfacial tension
of systems with Tween 20 addition decreased with increasing
surfactant concentration up to 2% (w/w) and showed values almost
constant after 1000 s. The lower molecular weight (1227.54 g/mol)
of Tween 20 led to faster adsorption on the interface than PGPR
(3000 g/mol) resulting in a more effective reduction of interfacial
tension (Bos and Van Vliet, 2001; Wilde, 2000). Moreover the con-
tinuous phase viscosity of the W/O emulsions (50 mPa s) was
higher than the O/W emulsion (1 mPa s), which could make difﬁ-
cult surfactant mobility and its interface adsorption onto interface.
An effective surfactant must adsorb quickly at the interface during
the emulsiﬁcation process to reduce the interfacial tension, making
easier the disruption of the droplets, formation of a protective layer
around them, preventing their ﬂocculation and consequently
retarding emulsions destabilization (Jafari et al., 2012).
Systems containing 4% (w/w) of Tween 20 showed a decrease of
the decay rate and an increase of interfacial tension values differ-
ent to the other surfactants concentration. Values of Tween 20 con-
centration used were higher than the critical micelle concentration
– CMC (Mahmood and Al-Koofee, 2013), suggesting saturated
interface and partial dispersion of the surfactant molecules in the
continuous phase. If the concentration is high enough, the surfac-
tant molecules in the continuous phase can aggregate sponta-
neously into a variety of thermodynamically stable structures as
micelles and vesicles. Hydrophobicity is the driving force for the
formation of these structures, which leads the system to adopt a
molecular organization that minimizes contact area between the
non-polar tails of the surfactant molecules and the water
(McClements, 2005) which could explain the change of the interfa-
cial tension behavior at 4% (w/w) of Tween 20.3.2. Kinetic stability
The kinetic stability of the emulsions was observed during
7 days and O/W emulsions did not show any phase separation dur-
ing this period. High stability of O/W emulsions could be explained
by the fast adsorption of Tween 20 onto the interface and high
decay rate of interfacial tension values, leading to smaller droplets
size and therefore lower separation speed. W/O emulsions showed
a small phase separation (Table 1), but formulations with higher
PGPR and gallic acid concentration presented lower sedimentation
Table 5
Color parameters of gallic acid solutions subjected to different process conditions immediately after preparation and 7 days of storage.
Process conditions After preparation After 7 days to storage
L⁄ a⁄ b⁄ L⁄ a⁄ b⁄ DE⁄ab
Mild stirring (control) 95.76 ± 0.02aA 0.52 ± 0.04aA 2.03 ± 0.11aB 88.85 ± 0.05aB 3.40 ± 0.01aB 16.05 ± 0.01cA 15.90 ± 0.10c
O/W emulsions 95.72 ± 0.01bA 0.62 ± 0.12aA 2.38 ± 0.35aB 88.67 ± 0.01bB 3.70 ± 0.01cB 21.15 ± 0.01bA 20.30 ± 0.01b
W/O emulsions 95.70 ± 0.01cA 0.59 ± 0.08aA 2.25 ± 0.24aB 87.75 ± 0.02cB 3.67 ± 0.01bB 22.80 ± 0.01aA 22.25 ± 0.34a
Different letters indicate signiﬁcant difference at p < 0.05. Small letters: differences in the same column. Capital letters: difference between each color parameter (L⁄, a⁄ or b⁄
in relation to the storage time.
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(Fasolin et al., 2014; Consoli et al., 2015), increasing emulsions sta-
bility in two ways: changing the polarity of the phases leading to
increased solubility between them or penetrating the interfacial
ﬁlm as a surfactant causing increased ﬂexibility of the interface
(Feng et al., 2009).
The good stability of the emulsions prepared with soybean oil
and PGPR could be attributed to the attachment of hydrophobic
chains of the PGPR in the branched structure of the soybean oil
(Benichou et al., 2001). Moreover, the good interaction between
the aqueous phase with the hydrophilic portion of the PGPR con-
tributed to the stability of W/O emulsions with high water volume
fraction (Ushikubo and Cunha, 2014). The hydrogen bonds
between water molecules and the hydroxyl groups of polyglycerol
moieties resulted in a structured interface. Ushikubo and Cunha
(2014) studied W/O emulsions with different water volume frac-
tion stabilized with PGPR (4% w/w) and oil phase composed by
soybean oil. Emulsions with 60% of volume fraction were more
stable than the containing 30% volume fraction. In the present
study, the sedimentation index value was lower than the observed
by these authors, probably due to the higher aqueous volume frac-
tion W:O (3:1) of the emulsions.3.3. Optical microscopy imaging and particle size distribution
The microscopic images and the particle size distribution of the
O/W and W/O fresh emulsions (zero time) are shown in Figs. 3 and
4. The formation of emulsions with reduced droplet size was
favored by the rapid decrease of interfacial tension of approxi-
mately 22 mN/m (water or solution GA–soybean oil) to values les-
ser than 10 mN/mwhen the PGPR and Tween 20 were added to the
emulsions. O/W fresh emulsions presented unimodal distribution
indicating a uniform droplet size distribution and consequently
more stable emulsion (Dickinson et al., 2003) regardless of surfac-
tant concentration and the presence of gallic acid. In addition, the
mean droplet diameter (D32) of O/W fresh emulsions decreased
with Tween 20 concentration increase and gallic acid addition
(Table 2). After 7 days of storage the emulsions even showed uni-
modal distribution, but the mean droplet size was slightly higher
compared to fresh emulsions due to a possible coalescence of the
droplets (Table 2).
On the other hand droplets size distribution showed bimodal
behavior for W/O fresh emulsions and PDI two times higher than
O/W emulsions except the system with 4% (w/w) PGPR and 0.5%
(w/w) of gallic acid (Fig. 4). After 7 days of storage this latter emul-
sion showed phase separation, with the presence of a top oil layer
and a concentrated emulsion on the bottom layer. This bottom
layer showed bimodal distribution with droplet size higher com-
pared to the fresh emulsion indicating the favored coalescence of
droplets. As observed for O/W emulsions, the mean droplet size
of W/O emulsions decreased with increasing concentration of
PGPR and the presence of gallic acid in fresh emulsions (Table 3)
as well as increased after storage.)W/O emulsions showed higher mean droplet size compared to
emulsions O/W at the same surfactant concentration as a conse-
quence of the larger volume fraction of the dispersed phase of
the W/O emulsion (75%) than the O/W emulsion (25%)
(Kobayashi et al., 2005). In addition W/O emulsions showed a pro-
nounced viscosity increase during emulsiﬁcation process, making
difﬁcult the incorporation of dispersed phase, droplets breakup
and interface formation. O/W and W/O emulsions containing gallic
acid showed greater uniformity and lower droplet size compared
to formulations without the polyphenol. Gallic acid shows high
polarity, which facilitates its partition into the aqueous phase (Di
Mattia et al., 2010), however increasing surfactant concentration
could increase the interfacial area and favor the displacement of
the gallic acid to the interface (Losada-Barreiro et al., 2012). As
commented before organic acids act as cosurfactants and cosol-
vents explaining the smaller droplets in the presence of gallic acid.
3.4. Rheological assays
O/W emulsions freshly prepared and after 7 days of storage
exhibited Newtonian behavior and low viscosity (Table 4), which
can be related to small droplets, PDI and dispersed volume fraction.
The W/O emulsions showed shear thinning behavior, however,
fresh emulsions showed smaller ﬂow index (n) (0.54–0.59) than
emulsions after 7 days of storage (0.60–0.69) (Table 4). The W/O
emulsions after 7 days of storage showed higher mean droplet size
than fresh emulsions. Therefore, there was lower surface area for
interaction between the droplets, explaining the smaller shear
thinning behavior and viscosity. The consistency index (k) and vis-
cosity increased with the increase of PGPR concentration and pres-
ence of gallic acid.
The difference between the rheological behavior of the O/W and
W/O emulsions is related to the lower volume fraction of droplets in
O/W emulsions (<25% of disperse phase), which means smaller
quantity of droplets in suspension and therefore reduced interac-
tion between them. The increased volume fraction (75% of dispersed
phase) favors the droplet–droplet interactions which are weak
interactions easily broken with the increase of applied shear rate
explaining the pseudoplastic behavior of W/O emulsions (Sato and
Cunha, 2011).
3.5. Color
The color of gallic acid solutions subjected to the same process
conditions to produce O/W and W/O emulsions was evaluated just
after preparation and after 7 days of storage (Table 5). Color of
freshly prepared gallic acid solutions showed similar values
regardless of process conditions. However, the gallic acid solutions
after 7 days of storage became darker (lower L⁄), more greenish
(lower a⁄) and yellowish (higher b⁄). In addition solutions produced
using the same process conditions of W/O emulsions showed the
higher total color change (DE⁄ab) (Table 5). The greenish and yel-
lowish color can be related to the formation of oxidation products
of phenolic compounds.
Table 6
Color of the O/W and W/O emulsions freshly prepared and after 7 days of storage with queous phase composed by gallic acid solution.
Surfactant (% w/w) O/W emulsion W/O emulsion
Freshly prepared After 7 days of storage Freshly prepared After 7 days of storage
L⁄ a⁄ b⁄ L⁄ a⁄ b⁄ DE⁄ab L⁄ a⁄ b⁄ L⁄ a⁄ b⁄ DE⁄ab
1 85.19 ± 1.27aA⁄ 0.47 ± 0.02aA⁄⁄ 1.90 ± 0.07 aB⁄ 84.88 ± 1.34aA⁄ 0.51 .01aB⁄ 3.03 ± 0.01aA⁄⁄ 1.18 ± 0.08 b 78.10 ± 1.05bA⁄⁄ 0.15 ± 0.01aA⁄ 0.73 ± 0.01aB⁄⁄ 74.72 ± 1.55bB⁄⁄ 0.73 ± 0.01aB⁄⁄ 3.87 ± 0.02bA⁄ 4.65 ± 0.35a
2 85.08 ± 1.40aA⁄ 0.48 ± 0.01aA⁄⁄ 1.72 ± 0.03bB⁄ 84.79 ± 1.59aA⁄ 0.58 .01bB⁄ 3.10 ± 0.08aA⁄⁄ 1.42 ± 0.01b 79.74 ± 1.19abA⁄⁄ 0.20 ± 0.01aA⁄ 0.62 ± 0.01bB⁄⁄ 78.00 ± 1.40aB⁄⁄ 0.80 ± 0.04bB⁄⁄ 3.82 ± 0.02cA⁄ 3.70 ± 0.10b
4 85.73 ± 0.01aA⁄ 0.60 ± 0.01bA⁄⁄ 1.44 ± 0.01cB⁄ 83.89 ± 1.42aB⁄ 0.68 .01cB⁄ 2.95 ± 0.15aA⁄⁄ 2.58 ± 0.92a 80.75 ± 1.45aA⁄⁄ 0.30 ± 0.06bA⁄ 0.34 ± 0.08cB⁄⁄ 77.10 ± 0.55aB⁄⁄ 0.74 ± 0.01aB⁄⁄ 3.90 ± 0.02aA⁄ 5.13 ± 0.71a
Different letters indicate signiﬁcant differences (p < 0.05). Small letters: differences the same column. Capital letters: differences between different storage time for the same color parameter a kind of emulsion. Asterisk:
differences between emulsion type at the same storage time.
Table 7
Total phenol content (TPhC, mg GAE/ml emulsion) and antioxidant capacity by method DPPH and FRAP (mg Trolox equivalent/ml emulsion) of the O/W and W/O emulsions prepared with different surfactant concentration and
storage time.
Surfactant (% w/w) O/W emulsion W/O emulsion
Freshly prepared After 7 days of s age Freshly prepared After 7 days of storage
TPhC DPPH FRAP TPhC DPPH FRAP TPhC DPPH FRAP TPhC DPPH FRAP
1 4.90 ± 0.02aA⁄ 23.17 ± 0.27 aA⁄ 23.04 ± 0.10 aA⁄ 4.47 ± 0.08cB⁄⁄ 20.07 ± 0.52 aB⁄ 21.22 ± 0.50 aB⁄⁄ 4.92 ± 0.08 aA⁄ 18.10 ± 0.45 aA⁄⁄ 23.27 ± 0.27 aA⁄ 4.70 ± 0.08 aB⁄ 19.05 ± 1.43 aA⁄ 23.11 ± 0.40 aA⁄
2 4.88 ± 0.07 aA⁄ 22.16 ± 2.33 aA⁄ 22.67 ± 0.36 aA⁄ 4.58 ± 0.03bB⁄ 20.12 ± 0.60 aA⁄ 20.93 ± 0.25 aB⁄ 4.63 ± 0.06bA⁄⁄ 18.25 ± 1.25 aA⁄⁄ 22.57 ± 0.18 aA⁄ 4.60 ± 0.06 aA⁄ 17.91 ± 1.62 abA⁄⁄ 22.23 ± 1.56 abA⁄
4 4.87 ± 0.04 aA⁄ 21.21 ± 0.16 aA⁄ 22.63 ± 0.43 aA⁄ 4.80 ± 0.06aB⁄ 18.38 ± 0.36bB⁄ 20.92 ± 0.21aB⁄ 4.35 ± 0.01cA⁄⁄ 17.03 ± 1.74aA⁄⁄ 21.22 ± 1.13bA⁄⁄ 4.35 ± 0.08bA⁄⁄ 16.79 ± 1.34bA⁄⁄ 21.16 ± 0.64bA⁄
Different letters indicate signiﬁcant differences (p < 0.05). Small letters: difference in t same column. Capital letters: difference in total phenolics or antioxidant capacity at different storage time for each emulsion type. Asterisk:
differences between emulsion type at the same storage time.
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prepared and after 7 days of storage are shown in Table 6. After
the storage period, the emulsions became darker and more green-
ish/yellowish (lower a⁄ and higher b⁄). Emulsions showed smaller
total color change (DE⁄ab) than gallic acid solutions, indicating an
enhanced color retention in the presence of oil and surfactant.
Among the emulsions, the O/W presented the smallest variation
in color parameters which could be attributed to the higher oxygen
exposition time of W/O emulsions or/and the different phases
composition. Therefore, the emulsiﬁcation was an efﬁcient
technique to avoid degradation of gallic acid but O/W emulsions
were more effective than W/O emulsions.
3.6. Polyphenols, antioxidant capacity (DPPH e FRAP) and gallic acid
retention
Total polyphenols and antioxidant capacity evaluated from
DPPH and FRAP methods are presented in Table 7. The polyphenol
content (TPhC) and antioxidant capacity (DPPH and FRAP) were not
affected by increasing the surfactant concentration in O/W fresh
emulsions. After 7 days of storage, the emulsions with higher
Tween 20 concentration had higher total phenol content.
However, the increase of PGPR concentration caused a reduction
of the polyphenol content (TPhC) and antioxidant capacity in
W/O fresh emulsions and after 7 days of storage.
The gallic acid degradation occurred during storage for O/W
emulsions and it was higher in systems with lower Tween 20
concentration. However, the gallic acid degradation in W/O emul-
sions occurred during the production process. Since during storage,
the gallic acid content was held constant, except for the concentra-
tion of 1% PGPR that was the emulsion with the highest kinetic
instability. The surfactant concentration exerted a strong inﬂuence
on the retention of gallic acid during storage. In O/W emulsions,
the higher gallic acid retention was observed for systems with
higher Tween 20 concentration, while in W/O emulsions the higher
retention occurred in the system with 1% (w/w) PGPR (Fig. 5).
The emulsiﬁcation process of the W/O emulsions required
greater energy and process time than necessary for the formation
of O/W emulsions. During homogenization there is an increase inlocal temperature near the rotor–stator shaft and a large amount
of air is incorporated in the system, which promoted oxidative
degradation of gallic acid. Oxygen is the most deteriorating agent
for phenolic compounds and its presence can intensify the negative
effect of heating on this bioactive causing loss of its antioxidant
capacity (Betz et al., 2012; Mahdavee Khazaei et al., 2014). This fact
explains the higher values of DE⁄ab for gallic acid solutions
subjected to the same process conditions of W/O emulsions.
Increase of Tween 20 concentration promoted the gallic acid
displacement from the aqueous continuous phase to the interface,
leading to a better protection of the bioactive due to its reduced
exposure to air (Losada-Barreiro et al., 2012). In W/O emulsions
the gallic acid content decreased with PGPR concentration
increasing due to the migration of phenolic from droplet interior
to interface, leaving the gallic acid most vulnerable to degradation
processes. The nature of the surfactant can have a remarkable
effect on the action of antioxidants in emulsiﬁed systems, due to
interactions between these one and the emulsions droplets
(Asnaashari et al., 2014). These interactions strongly affect the
location of antioxidants in the emulsions, once exerts effect on
the partition coefﬁcient of the bioactive between aqueous and oily
phases (Uekusa et al., 2008). In addition, increasing PGPR concen-
tration promoted an increase of W/O emulsions viscosity which
could have caused higher oxygen retention in the emulsion struc-
ture and also favoring an enhanced gallic acid degradation.
4. Conclusion
Gallic acid did not present any surface activity, but its presence
in combination with a surfactant modiﬁed the physical properties
of the O/W andW/O emulsions, such as reduction of the mean dro-
plet diameter (D32) and therefore increased stability. In general
increasing surfactant concentration resulted in emulsions with
smaller droplet size and phase separation. Homogenization process
conditions used to produce the emulsions affected the color of gal-
lic acid solutions, but emulsions were an efﬁcient way to protect
gallic acid, preserving their color and antioxidant capacity after
the process and during the storage time. The type and concentra-
tion of surfactant affected the localization and maintenance of
antioxidant capacity of gallic acid incorporated in the emulsions.
W/O emulsions with lower PGPR concentration showed higher gal-
lic acid retention and antioxidant capacity. The O/W emulsions
with higher Tween 20 concentration presented greater protection
and preservation of the gallic acid. In addition, the retention capac-
ity values of the O/W emulsions were higher than W/O emulsions
just after emulsions preparation, but during the storage time the
W/O emulsions did not show changes of gallic acid retention. In
W/O emulsions the higher gallic acid degradation occurred during
the production process, whereas in O/W emulsions this degrada-
tion occurred during storage time. In general the O/W and W/O
emulsions exhibited a good bioactive retention (>86.61%) and such
strategy could be used in different emulsiﬁed products, with aque-
ous or oily continuous phase.
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